Abstract-Effects of contaminants on communities are difficult to assess and poorly understood. We analyzed in situ effects of trace metals and common environmental variables on benthic macroinvertebrate communities in floodplain lakes. Alternative measures of trace metal availability were evaluated, including total metals, metals normalized on organic carbon (OC) or clay, simultaneously extracted metals (SEM), combinations of SEM and acid-volatile sulfide (AVS), and metals accumulated by detritivore invertebrates (Oligochaeta). Accumulated metal concentrations correlated positively with sediment trace metals and negatively with surface water dissolved OC. Sixty-eight percent of the variation in benthic community composition was explained by a combination of 11 environmental variables, including sediment, water, and morphological characteristics with trace metals. Metals explained 2 to 6% of the community composition when SEM Ϫ AVS or individual SEM concentrations were regarded. In contrast, total, normalized, and accumulated metals were not significantly linked to community composition. We conclude that examination of SEM or SEM Ϫ AVS concentrations is useful for risk assessment of trace metals on the community level.
INTRODUCTION
Trace metal pollution can cause adverse effects on organisms, populations, communities, and ecosystems in natural aquatic systems. In the sedimentation area of the river Rhine (The Netherlands), diffuse water pollution started during the industrial revolution and reached its maximum during the 1960s and 1970s. This pollution consists of trace metals, which sometimes exceed natural background values by 5 to 10 times [1] , and organic contaminants such as polycyclic aromatic hydrocarbons and polychlorinated biphenyls. Effects on benthic invertebrate communities already have been demonstrated for various sedimentation areas [2, 3] . The environmental availability of trace metals and potential ecological risks for benthic invertebrates are of concern for currently undertaken floodplain rehabilitation projects.
Various mechanisms determine the environmental availability of trace metals. Trace metals imported with suspended solids tend to attach to fine mineral and organic particles, which generally results in a good relation between trace metals and organic carbon (OC) and clay content [4] . Therefore, normalization on OC or clay fractions is useful when aerobic soils and sediments are compared. In reduced sediments, trace metals can precipitate with sulfides and become unavailable to organisms. These reactive sulfides can be measured as acidvolatile sulfide (AVS) and compared to concentrations of simultaneously extracted metals (SEM). Several studies show good correlation between concentration of combinations of SEM and AVS and pore-water metal concentrations and the presence of toxicity for test organisms [5] [6] [7] [8] . Other studies also pointed out some drawbacks, such as vertical and spatial * To whom correspondence may be addressed (bart.koelmans@wur.nl).
heterogeneity of AVS [9] [10] [11] or the neglect of diffusive processes in the determination of pore-water concentrations [12] .
Metals accumulated in organisms also provide information on bioavailability. In nature, organisms are exposed to multiple, simultaneously operating stressors [13] . Pollution is just one, albeit an important factor. Furthermore, mixtures of pollutants make it difficult to ascribe observed effects to one or more substances. Recently, a specific multivariate statistical approach has been used to quantify the impact of pollutants on benthic communities in relation to the effects of other factors [13] [14] [15] . This approach, the variance partitioning method, can be applied to assess the contribution of pollutants relative to the effect of other variables, for example, water, sediment, and other habitat characteristics. The variance partitioning method allows for the separation of effects of trace metals from effects of ecological or environmental variables. Furthermore, the method evaluates the impact of pollutants by using the in situ community. According to the pollution-induced community tolerance concept [16] , communities may be adapted to pollution. In that case, variance partitioning will underestimate the ecological impact that the pollutants would have on communities that are not adapted and thus can be seen as a conservative estimate of effects. Variance partitioning can be used to evaluate the potential of different measures of trace metal availability in explaining effects on benthic community structures. Results of Peeters et al. [13] indicate that taking into account metal sorption onto OC and clay improves the separation of effects by metals and environmental variables.
The main goal of this study was to examine the role of trace metals compared to other environmental conditions in structuring benthic communities in floodplain lakes. Furthermore, we evaluated which method of estimating environmental availability was most successful in explaining trace metal effects on community composition. To that end, we examined total, OC-and clay-normalized, SEM and AVS, and accumulated concentrations of trace metals and relations between these variables.
MATERIALS AND METHODS

Study area
A wide range in metal concentrations was achieved by selecting lakes according to inundation frequency. Trace metal content of floodplain sediments is positively correlated with inundation frequency [17; C. van Griethuysen, unpublished data]. To maximize variation in metal concentrations, lakes from different branches of the river Rhine were selected. Lakes of similar size (Ͻ1 ha) and morphology (depth Ͻ2 m) were selected. To enable sampling of sediments and benthic macrofauna, lakes should not be completely covered with vegetation. Sampling was done in September 2000, four to six months after winter inundation to guarantee isolation from the river. Ten lakes were selected: three lakes along the river IJssel, four lakes along the Waal, and three lakes along the Nederrijn (The Netherlands; Table 1 and Fig. 1 ). In some cases, more than one lake was selected in the same floodplain. Four locations per lake were sampled to account for spatial variability in lake depth, grain size distribution, organic matter content, and redox conditions [11, 18] .
Sampling of surface water, sediment, and fauna
Surface water was assumed to be completely mixed because of the limited size and depth of these lakes; therefore, only one sample was collected at each location. Surface water transparency was measured with a Secchi disk before water and sediment sampling. Water temperature, pH, electric conductivity, and oxygen concentrations near the sediment surface were measured in the field with specific electrodes (Wissenschaftlich-Technische Werkstätten, Weilheim, Germany, and OxyGuard International A/S, Birkerød, Denmark) at each location. Five hundred-milliliter water samples were collected 670 Environ. Toxicol. Chem. 23, 2004 C. van Griethuysen et al. Sediment and benthic invertebrate samples were taken in triplicate at four locations within each lake, leading to 40 samples, each consisting of three subsamples. Sample locations always included the center of the lake, whereas the other three locations were closer to the shores or corners. Sediment cores were taken with Perspex tubes of 5-cm diameter and 60-cm length. This was done manually or with a stainless steel Jenkins core sampler (Eijkelkamp Agrisearch Equipment, Giesbeek, The Netherlands), depending on water depth. Cores were taken without headspace to maintain prevailing oxygen conditions. Fauna samples were taken with an Eckman grab with a surface area of 225 cm 2 (Hydrobios, Kiel, Germany) and sieved in the field over a brass 500-m mesh sieve (BV Metaalgaas Twente, Hengelo, The Netherlands). After transport to the laboratory, samples were stored overnight at 4ЊC to be sorted and identified the next day.
Analysis of surface water, sediment, and fauna
On the day of sampling, unfiltered samples were analyzed for TOC and TIC, and DOC and DIC concentrations were determined after filtration over 0.45-m membrane filters (Schleicher & Schuell) by using a TOC analyzer (Model 700, O.I. Analytical, College Station, TX, USA). Particulate OC is calculated as TOC Ϫ DOC. Acidified surface water samples were analyzed by inductively coupled plasma-mass spectrom- etry (ICP-MS; Elan 6000, Perkin-Elmer, Boston, MA, USA) for major element composition. After transport to the laboratory, the upper 5 cm of each core was isolated and stored in a 250-ml polyethylene bottle at Ϫ18ЊC until analysis. Concentrations of AVS and SEM were determined according to van Griethuysen et al. [19] . In short, sulfides were volatilized with 1 M HCl and detected with a sulfide-specific electrode (Ag500, Wissenschaftlich-Technische Werkstätten). Simultaneously extracted metal concentrations were measured by ICP-MS in the remaining acidified sediment suspension after filtration. Total macroelement and metal concentrations were defined as those digested in a mixture of concentrated HCl and HNO 3 for 2.5 h at 100ЊC (aqua regia digestion). Major elements and Zn were measured by inductively coupled plasma-atomic emission spectroscopy (ICP-AES Spectroflame, Spectro, Kleve, Germany), and Cd, Cu, Ni, and Pb were measured by ICP-MS. Analytical quality was assured by using a certified reference sample (International Soil-Analytical Exchange no. 970, n ϭ 5). Recovery was 90 to 100% for each trace metal. Practical detection limits against replicated procedural blanks were 0.05 mg/kg for Cd, 2.15 mg/ kg for Cu, 0.38 mg/kg for Ni, 1.51 mg/kg for Pb, and 7.0 mg/ kg for Zn at a dry sample weight of 2.5 g. Grain size distribution was measured with laser diffraction on a Coulter LS 230 (Beckman-Coulter, Coulter Scientific Instruments, Miami, FL, USA). Content of OC was estimated as 0.58 times loss on ignition (loss on ignition after heating for 3.5 h at 550ЊC). Sediment pH was measured in a 0.01 M CaCl 2 extract with a pH electrode (SenTix 21, WTW, Weilheim, Germany).
Organisms retained in the fauna samples were picked manually in the laboratory, sorted, counted, and identified live with available keys. The three replicate samples were combined. Species diversity was expressed in number of species and abundance was expressed in individuals per square meter. Oligochaetes were separated from other taxa for the analysis of trace metal contents. Oligochaetes were selected because of their suitability for the evaluation of sediment trace metal availability [20, 21] and the recommendation for their use in laboratory bioaccumulation studies by U.S. Environmental Protection Agency. Because they feed on detritus, they are more susceptible to sediment-related metal sources than organisms that feed on plants or food in the water column. Furthermore, oligochaetes are very common in soft-bottomed freshwater systems, which ensures sufficient material for analyses. After gut clearance for 20 h in aerated field water at 20ЊC, organisms were collected manually, rinsed with 0.1 M HNO 3 , and freeze-dried. A maximum of 25 mg of freeze-dried material was weighed in 2-ml Eppendorf vials with caps and digested on a microdestruction plate (Techne Driblock DB-3D, Thistle Scientific, Glasgow, UK) in a mixture of H 2 O 2 and HNO 3 and finally dissolved in 2 ml of Barnstead Nanopure water. Samples were diluted 10 times with 0.1 M HNO 3 before analysis by ICP-MS. All reagents used for this digestion were of ultrapure quality. Practical detection limits against replicated procedural blanks were 1.21 mg/kg for Cd, 3.12 mg/kg for Cu, 0.12 mg/kg for Pb, and 5.48 mg/kg for Zn at a sample weight of 25 mg.
Data analysis
Relations between lake, sediment, water, and pollution characteristics were evaluated by principal components analysis (PCA) with Varimax rotation [22] . Relations between pollution concentrations and sediment characteristics were studied in 672 Environ. Toxicol. Chem. 23, 2004 C. van Griethuysen et al. more detail with linear regression and correlation analysis [22] . To judge the availability of trace metals, various relations of SEM and AVS were used. Ratios of SEM/AVS Ͼ 1 as well as differences of SEM Ϫ AVS Ͼ 0 indicate that trace metals may be present in the pore water and available to organisms [5] [6] [7] [8] . Recently, a correction of SEM Ϫ AVS for the fraction OC ([SEM Ϫ AVS]/f OC ) has been proposed [23] to improve the prediction of availability, while it accounts for sulfide precipitation under reduced conditions as well as for sorption to organic matter during more oxic conditions.
Concentrations of SEM are calculated by summing five individual trace metals extracted with 1 M HCl (i.e., Zn, Cu, Cd, Pb, and Ni). Individual extracted metals are indicated as, for example, Zn-SEM. Sorbed and loosely bound metals will be determined together with sulfide minerals. Metals incorporated in crystal lattices of clay minerals that will never become available to the environment are not included in SEM. Therefore, SEM concentrations probably are better indicators of metal availability than are total concentrations.
The relation of metals in oligochaetes to pollution concentrations and other environmental conditions was evaluated with stepwise linear regression [22] . Sediment and water characteristics that may influence metal accumulation were included in the stepwise linear regression procedure. Mineral sediment characteristics can be important as sorption sites for metals. Sediment Ca reduces toxicity and bioavailability of trace metals [24] . Acid-volatile sulfide, total S, and organic C account for metal-sulfide precipitation and metal binding by organic matter. Overlying water characteristics influence trace metal speciation in surface water [25] . Water transparency and lake depth give additional habitat characterization and may indirectly influence metal accumulation. Each alternative metal availability measure was tested in the regression model to evaluate which one best accounts for the influence of sediment trace metals on metal accumulation.
Species diversity (total number of species) and abundance (total number of individuals per square meter) were summarized and evaluated for the different lakes. Functional feeding groups were distinguished to characterize the communities present. Relations of the community composition with environmental variables, including trace metals, were evaluated by using multivariate statistics. Before multivariate analyses, species abundance data were ln(x ϩ 1) and abiotic data were log(x ϩ 1) transformed. Variables with negative values (SEM Ϫ AVS and [SEM Ϫ AVS]/f OC ) were raised with the lowest negative value to yield positive values for all samples. Downweighting of rare species was performed to give less weight to species that are only incidentally present. The length of the gradient within the species data was analyzed by using a detrended correspondence analysis [26] . The gradient was short to moderate and, therefore, the linear response model, redundancy direct analysis, was regarded as appropriate [27] . Scaling was focused on intersample distance, species scores were divided by standard deviation, and data were centered by species. A set of environmental variables of importance for benthic organisms was selected from morphological, sediment, and surface water characteristics (Table 2 ). This selection was based on a forward selection procedure (contribution and significance) and on a motivation of variable importance for invertebrate species. Multiple analyses were performed with these environmental variables (variable subset 1) in combination with one variable accounting for metal availability (variable subset 2). We divided subset two into nine separate measures accounting for trace metal availability: total metal concentrations, OC-normalized metal concentrations, clay-normalized metal concentrations, individual SEM, SEM, SEM/ AVS, SEM Ϫ AVS, [SEM Ϫ AVS]/f OC , and concentrations in oligochaetes.
On several occasions, a high collinearity was found among variables within a subset or among subsets, indicated with high (Ͼ20) variation inflation factors (VIFs). High VIF values result in interference in the analysis. Therefore, variables with highest VIF values were removed from the selection until all variables had a VIF value below 20 [27] . Four axes were extracted and scores were calculated for samples, species, and variables. Ordination diagrams representing the first two axes were used to indicate the main structure of the multivariate data.
The total contribution of the environmental variables together with each separate metal variable to the explanation of the species composition was calculated. To determine the relative contribution of a certain variable or a group of variables to the explanation of species composition, partitioning of the variance was applied [28] . The contribution of each separate subset was calculated, as well as the contribution of the two subsets together. This gives an overestimation of the contribution of each one of these subsets, because variation shared between variables from the two subsets is not accounted for. To know the actual (pure) contribution of a subset, the effect of variables from the other subset must be subtracted. This can be done in a partial redundancy direct analysis [27] , where one subset is entered as a covariable set. For example, the relative contribution of subset A is calculated as the contribution of subset A minus the contribution that is shared with subset B by including subset B as a covariable set in the analysis. Any variation shared between subsets A and B is calculated as the difference of the variance explained by subset A, with and without subset B as a covariable. In this study, the first subset consists of environmental variables of importance for benthic organisms. The second subset each time consists of one of the variables indicating trace metal pollution. Thus, variance partitioning gives insight into the contribution of environmental variables alone (subset 1), trace metals alone (subset 2a-i), and variation shared by both subsets and unexplained variation.
RESULTS AND DISCUSSION
Geochemistry of water and sediment
Surface water characteristics are presented in Table 3 . Water pH is near neutral to alkalic ranging from 6.75 to a maximum of 9.47. The range in electric conductivity (300-600 S/m) is normal for a mixture of river water and rainwater and agrees with earlier studies on similar water systems [29]. Higher values are possibly related to closer contact with river water via seepage or connections by small ditches. Large differences in oxygen concentrations occur (0.6-12.6 mg/L), illustrating the dynamic conditions in the lakes. Low concentrations in Deest 4 and Beusichem can be explained by the shallowness of the water column combined with a high biological or chemical oxygen demand. The DOC and TOC concentrations in these lakes also are very high, consistent with the observed oxygen concentrations.
An overview of sediment characteristics per lake is provided in Table 4 . General characteristics show a large range from sandy, OC-poor, and oxic sediments (e.g., part of Herxen, Hengforderwaard 3, and Deest 2) to clayey, OC-rich, and reduced sediments (Hengforderwaard 2, all Waal lakes except Environ. Toxicol. Chem. 23, 2004 C. van Griethuysen et al. a OLIG ϭ Oligochaeta; CHIR ϭ Chironomidae; HIRU ϭ Hirudinea; MOLL ϭ Mollusca; CRUS ϭ Crustacea; EPHE ϭ Ephemeroptera; ODON ϭ Odonata; HEMI ϭ Hemiptera; MEGA ϭ Megaloptera; COLE ϭ Coleoptera; TRIC ϭ Trichoptera; DIPT ϭ Diptera other than Chironomidae.
Deest 2, and Nederrijn lakes). Grain size differences also are reflected in macroelement concentrations such as Fe, Mn, and Ca. Large differences in general characteristics can be present within a lake, for example, OC and clay fraction in Herxen. Large differences also occur in trace metal levels ( Table 4) . Trace metal concentrations are lowest in Hengforderwaard 3 (IJssel branch), and highest in Meinerswijk (Nederrijn branch). Total trace metal concentrations recalculated to standard soil containing 10% organic matter and 25% clay exceed Dutch maximum permissible risk levels [30] for Zn (620 ppm) and Cu (73 ppm) at various locations in Herxen, Deest 4, Beusichem, and Meinerswijk lakes. For Pb, the maximum permissible risk level (250 ppm) is exceeded in lake Meinerswijk.
A first interpretation of relations between sediment, water, and lake morphological characteristics, together with accumulation in oligochaetes, explained 85% of the total variance with six components when using PCA (Table 5) . Component 1, which explains 36.3% of the variance, shows high loadings of sediment total and extracted trace metals associated with OC, clay, P, and S and Pb accumulation in oligochaetes. Component 2 explains 14.1% of the variance and includes clay, OC in sediment and in water (DOC), and AVS relating to the redox state of the sediment. Apparently, finer sediment with more OC has higher AVS concentrations and more dissolved organic components. Metal concentrations in oligochaetes are negatively related to this second component, which appears consistent with a lower availability due to sorption to DOC, OC, or clay, and precipitation with sulfides. Component 3 represents water hardness (Ca, DIC, and electric conductivity), and explains 11% of the variance. Calcium, Mn, and Ni (component 4) explain another 10% of the variance and represent sediment mineral characteristics. Component 5 represents chemical processes in surface water (pH and oxygen concentration) and explains 7.5% of the variance. Transparency and depth are both negatively related to particulate OC concentrations in component 6 (which explains 7% of the variance) and can be interpreted as a turbidity component. The PCA results confirm that variation in the geochemical data is dominated by the pollution gradient.
Although the PCA shows that pollutant levels and sediment characteristics are related (component 1), striking differences in total trace metal distribution in relation to OC and clay are visible among branches. IJssel and Waal samples show clear linear relationships between total trace metals on the one hand and OC and clay on the other hand. However, for Nederrijn samples, no relation is found between these sediment characteristics and trace metal concentrations (Fig. 2) . The same pattern occurs for Cu, Pb, and to a somewhat lesser extent, also for Cd. Regressions of Zn, Cu, and Pb with either OC or clay show coefficients of determination (r 2 ) of 0.90 or higher for IJssel samples and 0.54 to 0.64 for Waal samples. For Cd, the r 2 for IJssel samples is 0.71 (with clay) to 0.83 (with OC), and for Waal samples r 2 is 0.38 (clay) to 0.42 (OC). Because sediment characteristics such as grain size and OC content govern contaminant concentrations from diffuse sources, applying a correction of trace metals for OC or clay usually leads to homogeneous pollution levels, even though total concentrations may vary considerably. For Waal and IJssel samples, this is demonstrated by the linear relationship in Figure 2 . However, in most Nederrijn samples (Meinerswijk and BeuTrace metal effects on benthic communities in floodplain lakes Environ. Toxicol. Chem. 23, 2004 675 sichem lakes), trace metal concentrations are situated above the regression lines for Waal and IJssel branches. Natural background concentrations for Dutch soils and sediments [30] are exceeded more than five times in these samples, suggesting the presence of a local source of trace metals in these floodplain lakes.
Concentrations of total SEM vary between 0.2 mol/g (Hengforderwaard 3) and 14.0 mol/g (Meinerswijk) and correlate well (Pearson r ranges from 0.74 for Ni to 0.96 for Zn and Pb; p Ͻ 0.01) to total concentrations of each metal. Total SEM also is related to OC, fine grain size fractions, and AVS (r ϭ 0.44 for AVS to 0.65 for OC; p Ͻ 0.05), suggesting that extracted metals originate not only from precipitates with sulfide but also from other sediment sorption phases such as OC and clay.
Individual SEM concentrations are related to total metal concentrations. Linear regression shows that 75% of total Cd concentrations (r 2 ϭ 0.80), 53% of total Cu (r 2 ϭ 0.82), 88% of total Pb (r 2 ϭ 0.87), only 8% of total Ni (r 2 ϭ 0.79), and 69% of total Zn (r 2 ϭ 0.87) are extracted with 1 M HCl. The order of magnitude of these percentages agrees with earlier studies [9, 11, 31] . According to the SEM Ϫ AVS criterion, trace metals are not available at most locations. Thirty-eight out of 40 samples show an excess of AVS over SEM, with AVS varying between 0.9 and 48.8 mol/g, and SEM between 0.2 and 14.0 mol/g. In lake Meinerswijk, which also has the highest metal concentrations, SEM exceeds AVS at two locations. Theoretically, toxic effects can be expected from this value onward. Recently, practical toxicity threshold values were derived from a variety of experiments [23] . For SEM Ϫ AVS, this proposed threshold value is 1.7 mol/g, which also is exceeded at these two locations. For SEM Ϫ AVS/f OC , the proposed value is 100 to 150 and is exceeded only once. Therefore, trace metal effects on organisms could only be expected in lake Meinerswijk according to the AVS/SEM concept. However, it should be kept in mind that [SEM Ϫ AVS] concentrations are measured as an average over 5 cm. In more oxidized top layers, the threshold values may be exceeded more frequently.
Accumulation in Oligochaeta
Minimum and maximum accumulated concentrations in oligochaetes are shown for each lake in Table 6 . Accumulated Cd concentrations were all below or near the detection limit (1.21 mg/kg) and are not reported. Metal concentrations in oligochaetes are comparable with concentrations reported for other water systems within The Netherlands [24, 25] . Ranges of accumulated concentrations (Table 6 ) are much lower than ranges of total sediment concentrations (Table 4) , especially in the case of Zn, where the range of accumulated concentrations in oligochaetes is only a factor of three, whereas the range was more than 50 for total sediment concentrations. Accumulation is better correlated to OC-, clay-, or AVS-corrected metal concentrations than to total metal concentrations (Table 6) , as also was indicated with PCA (Table 5) . Accounting for OC and clay binding improves the relation of sediment metals with accumulation, probably because the uptake pathway (food) for oligochaetes is accounted for. An improvement of the relation between accumulation and sediment concentrations by accounting for AVS as observed for Pb is consistent with AVS field validation studies [21, 32, 33] . These studies concluded that the AVS theory adequately described Cd porewater chemistry and Cd accumulation in sedentary taxa such as chironomids and oligochaetes. However, accumulation of Cd or (sub)lethal effects (abundance and growth) were not related to Cd/AVS ratios for other species, probably because their feeding behavior implies little contact with the sediment. Accumulation of Cd was better predicted by surface water Cd concentrations than by sediment Cd concentrations [21] . However, metal concentrations in the sediment still contributed approximately 50% to the observed Cd accumulation in oligochaetes and chironomids [21] .
Linear stepwise regression with various trace metal availability variables, together with water and sediment characteristics, could explain about 50% of the variation in accumulation (Table 7) . Only the equation for the metal availability variable explaining most variation for a particular metal is given in Table 7 . An explanation for the moderate coefficients of determination (r 2 ) for at least Cu and Zn is that regulation of metal concentrations may occur in the body. For essential metals, the relationship between exposure concentrations and accumulation may be nonlinear. Accumulation is positively correlated with sediment pollution, but decreases with increasing levels of DOC in the bottom water. Dissolved OC is well known to bind trace metals and lower their availability. Results from this study show that this binding mechanism also occurs in the field. Dissolved OC has more influence on modeled accumulated concentrations for Cu and Pb than for Zn, which can be explained by stronger binding of Cu and Pb to DOC compared to Zn. For Zn, electric conductivity also is included in the model. Accumulation of Zn is less at high electric conductivity values, suggesting that inorganic complexes play a role in the speciation of Zn.
In summary, all models show that surface water variables are at least as important for the amount accumulated in oligochaetes as sediment metals, especially for Zn. Hare et al. [21, 32] reported that effects on Oligochaeta in Cd-spiked sediments were only partly (50%) explained by sediment trace metal pollution and also were related to surface water variables. Our present findings show that this is also the case for other trace metals at pollution levels occurring in the field.
Community
Species community composition varies largely among lakes. A summary of species richness and abundance for each lake is given in Table 8 . For a complete overview of all taxa, refer to the Appendix. Sixty-five taxa were identified. Abundance ranges from 1,348 individuals/m 2 (Wolfswaard) to 28,063 (Beusichem) individuals/m 2 . The number of taxa varies from 9 in lake Gendt to 35 in Deest 2. Most taxa in the present study are common for Dutch fluvial lakes [29] . Oligochaetes and chironomids are the most dominant taxa. Most species belonging to these taxa have a detritivore feeding mode and are common in freshwater systems. Because they inhabit the sediment, they are potentially exposed to sediment pollution. Detritivores make up approximately 75% of the total abundance in all samples. However, herbivore species (e.g., Radix auricularia [Mollusca]) are dominant (up to 71% of all organisms) in lakes Deest 2 and Deest 4, whereas they are virtually absent in all other lakes. Sialis lutaria (Megaloptera) is the most dominant carnivorous species, with the highest abundance in Meinerswijk. It was also found in Ochten, Deest 4, and Beusichem. This species prefers muddy environments, which agrees with the clayey character of these lakes. Furthermore, the presence of carnivorous species suggests a high Environ. Toxicol. Chem. 23, 2004 C. van Griethuysen et al. biomass production in these lakes, because these species will only be present if sufficient food is available. The distribution of the taxa over the lakes and their relation to abiotic variables is indicated in ordination diagrams for the analysis on subset 1 and 2d (i.e., environmental variables together with extracted metals, see next section) of species with sample points (Fig. 3a) and species with variables (Fig. 3b) . Axes represent the main two axes of the extraction procedure in the RDA. Sample locations of the same lake are sometimes heterogeneous with regard to species composition and abiotic variables (e.g., Herxen). Deest lakes (Deest 2 and Deest 4) clearly are situated far away from the other samples (Fig. 3a) . This is caused by the presence of herbivore species (e.g., Radix auricularia and Mystacides sp.). IJssel lakes all are located in the lower left corner, showing that they have a similar macroinvertebrate community. Meinerswijk, Ochten, and Beusichem samples are related with regard to their community composition.
Relations of macroinvertebrates and their environment are shown in Figure 3b influences community structure. Species can be projected perpendicular to these arrows to determine their ranking according to a specific variable. When the projection of a species is located near the arrowhead of a variable, this species is associated with higher values of that variable. When its projection is close to the arrow tail or even situated opposite the arrow direction, occurrence of the species is not related to that variable or is negatively associated with that variable [27] . Electric conductivity and oxygen concentration in the surface water is very important in structuring the community, as represented by the long arrows. Sediment characteristics (OC, AVS, and fine grain sizes) all point in the same direction. Species associated with these muddy, reduced sediments are, for example, oligochaetes and chironomid species. The Pb-SEM, Cd-SEM, and Cu-SEM concentrations coincide with the vertical axis (Fig. 3b) , where samples from lake Meinerswijk also are located (Fig. 3a) . Variables such as pH in water and sediment are less important. Lake surface area apparently also is important, which may be related to wind influence, water level fluctuations, and refugee or colonization possibilities.
Quantifying trace metal effects on community structure
The partitioning of the variance in community structure is shown in Table 9 . The environmental variables denominated in Table 2 together explain 62.1% of the biological variation ( Table 9 , first column). This is very high in comparison with other studies. Approximately 20% of the biological variation was due to the considered ecological variables in a similar study in a Canadian fluvial lake [15] . In the Dutch North Sea Canal [13] , common variables explained 45% of the community variation, whereas in the Rhine-Meuse Delta and river branches, their contribution was about 15% [14] .
Each following column in Table 9 represents an alternative measure of metal availability. Because of high VIF values, it was often impossible to include all metals in the analysis. In those cases, the contribution of one or more trace metals was then assumed to be representative for all metals. This is realistic because the occurrence of high VIF values is based on the high correlation between the variables. Total explained variation increased when the analysis was performed on environmental (subset 1) and metal (subset 2a-i) variables together. Maximum explained variation of 67.8% was achieved when separate extractable (SEM) metals (subset 2d) were included. This agrees with a study of Lee et al. [12] , where accumulation of metals in clams and polychaetes was best related to SEM concentrations, irrespective of AVS levels.
Percentages of explained variation by environmental and pollution variables are in the same range as found in other studies. In the Dutch Rhine-Meuse Delta and Dutch river branches, 45 to 72% of the variation in species composition could be explained by ecological and contaminant variables together [14] .
The contribution of environmental variables (subset 1) decreased if metals also were included in the analysis. This de-678 Environ. Toxicol. Chem. 23, 2004 C. van Griethuysen et al. crease in contribution depends on which metal subset is analyzed and is caused by shared variation between environmental variables and trace metals. This means that the influence of environmental variables partly coincides with the effects of trace metals and vice versa, and that their contribution cannot be separated.
The pure contributions of trace metals range from 2.4 to 5.7% in this study. These contributions all were significant and of similar magnitude as other individual ecological factors. Accordingly, metals can be considered an important factor in structuring floodplain lake communities. In Rhine-Meuse Delta and river branches [14] , 4 to 9% of the variation in species composition could be attributed solely to trace metals, whereas this value was up to 11.4% for the North Sea Canal [13] . However, total pollutant concentrations in the present study are in the same range as levels in the North Sea Canal study [13] . Environmental variables are likely to show a higher contribution to community variation in our study than in the North Sea Canal study because geographically different regions are regarded, whereas the North Sea Canal is one environmental entity in which merely salinity and sediment composition are variable.
When evaluating the contributions of different trace metal availability measures, only two methods appear to contribute significantly to the explanation of community structure (Monte Carlo permutation test, p Յ 0.05). These are the methods based on individual extracted metals (subset 2d, Cu-SEM, Cd-SEM, and Pb-SEM, explaining 5.7% at p ϭ 0.04), and SEM Ϫ AVS (subset 2g, explaining 2.4% at p ϭ 0.05). A further correction of SEM Ϫ AVS on OC content does not link metal pollution with community structure. A striking observation is that the contributions of total, normalized, and SEM metal concentrations in sediments as well as concentrations in Oligochaeta are not significant. Thus, approximating bioavailable concentrations by accumulation in Oligochaeta does not yield a better explanation of metal effects on the community than does studying environmentally available concentrations. This can be explained in several ways. First, exposure of oligochaetes to trace metals, which takes place via the sediment for a substantial part, is not representative for other benthic organisms. This is consistent with the earlier discussed studies on Cd in spiked sediments [21, 32, 33] . Second, although no relation between oligochaete abundance and accumulated concentrations was observed, other more sensitive taxa may suffer toxic effects, leading to a decrease in abundance or even disappearance. A third explanation may be adaptation of the community to the pollution [16] .
Shared variation between environmental and trace metal contribution is smallest, only 2%, when the combination with SEM Ϫ AVS is regarded. This means that effects on community structure can be ascribed well to the separate groups. Although SEM Ϫ AVS critical values are only exceeded occasionally, they have a significant effect on the studied community. We can only speculate about the causal relation be- tween SEM Ϫ AVS and the community. The community possibly is still recovering from a period in which AVS concentrations were lower, whereas measured SEM Ϫ AVS concentrations indicate that little effect should be expected. Furthermore, we did not take into account the vertical variability in AVS concentrations. The SEM Ϫ AVS values will be higher in the top millimeters to centimeters. Several species probably are predominantly present in this environment and thus exposed to higher concentrations of dissolved metals.
Individual extracted metals (SEM) explain most of the variation, which suggests that this fraction is better related to available concentrations than total or normalized concentrations. The individual contribution of environmental variables shows that surface water and habitat characteristics are the most important variables. Much of the variation explained by the group of environmental variables is in fact variation shared among these variables, as can be derived from Table 9 by summing up the contributions of the individual variables, and comparing that with the contribution of the environmental variables as a group. When trace metals are included, individual contributions of trace metals and sediment characteristics such as OC, AVS, and grain size less than 63 m often become insignificant in the analyses, which points to shared variation between environmental variables and trace metals.
The fact that at the low levels of metal stress, SEM-and AVS-related variables still were the best estimators of this stress illustrates the usefulness of the SEM/AVS approach for in situ community-based risk assessment.
The ordination as shown in Figure 3b discussed before shows that the arrows of the trace metals point in the same direction. This suggests that species composition is affected in a similar way. In contrast, metal arrows point in different directions when the effects of all other variables are subtracted (Fig. 4) . The distribution of functional feeding groups now shows that they are affected in different ways. Species situated at the left and upper side of the diagram (e.g., Sialis lutaria [carnivore] and Einfeldia dissidens, Pisidiae [filter feeder]) apparently are less sensitive or less exposed to Cu and Pb than species at the lower right side. Strictly detritivore species (indicated in Fig. 4 with italic characters) are concentrated in the lower left corner, which suggests a particular sensitivity to Cd. In contrast, herbivore species are found in the upper right quadrant, associated with extractable Cd. As was expected based on their feeding mode, these species are rather indif-ferent to sediment-bound metals. This specific response of functional feeding groups when only pollutants are regarded agrees to results of Peeters et al. [13] , which suggests that detritivore species are most affected by trace metals.
CONCLUSION
Geochemical distribution of trace metals in floodplain lake sediments differs among Rhine branches. All methods to assess environmentally available trace metals (totals, normalized, and SEM Ϫ AVS) show a similar pattern, with only few locations exceeding threshold values. Trace metal accumulation in oligochaetes is positively correlated to concentrations of trace metals in the sediment but also strongly negatively correlated to DOC concentrations in surface water.
Water quality variables, and to a somewhat lesser extent, sediment and other habitat variables, clearly are important in determining community structure in floodplain lakes. However, trace metals also have an important effect on benthic community structure. Approximately 6% of the biological variation can be attributed solely to trace metals in the form of extractable metals (individual SEMs). The SEM Ϫ AVS concentrations also significantly explained community composition for 2.4% of the variation. These percentages must be considered an underestimation of the true impact, because part of the effect of trace metals is still hidden in the variation shared with environmental variables. The functional feeding group of detritivores appears most affected by trace metals.
Extracted metals (SEM) and SEM Ϫ AVS concentrations better explain community structure than do total or normalized concentrations, which supports the use of accounting for available fractions in ecological risk assessment. Approximating bioavailability of trace metals for benthic invertebrates by evaluating accumulation in Oligochaeta does not yield a better explanation of community structure than using environmentally available concentrations.
